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Induction, prevention and mechanisms of contrast media-induced acute
renal failure. This study describes the development of an experimental
model of reversible acute renal failure following infusion of contrast
media radiographic dye. Experiments were also performed to investi-
gate possible methods of prevention as well as examine single nephron
mechanisms involved in the pathogenesis of the renal failure. Acute
renal failure was consistently produced by indomethacin treatment (18
mg/kg) and an intravenous infusion of contrast media (7 mI/kg) into New
Zealand rabbits that had been on a low sodium diet for one week.
Glomerular filtration rate (GFR), measured by daily creatinine clear-
ance in unanesthetized animals, was significantly decreased (P < 0.001)
24, 48, and 72 hours following infusion of the contrast dye. Two weeks
after induction of acute renal failure, GFR had returned to control. GFR
was unchanged during the same time period when the sodium deprived
rabbits were given either indomethacin or contrast media alone. Chron-
ic administration of DOCA (I mg/kg s.c.) and saline drinking water
which increased sodium and solute excretions and decreased plasma
renin activity also prevented the decrease in GFR. However, acute
infusion of either saline or mannitol, which transiently increased
sodium and solute excretions and decreased plasma renin activity, did
not protect against the development of acute renal failure. Light
microscopy revealed no glomerular or tubular changes and no visible
obstruction. Micropuncture experiments were performed on three
additional groups of anesthetized rabbits: control, acute renal failure,
and recovery. Recovery rabbits were allowed a two week period after
renal failure before they were micropunctured. Single nephron filtration
rate decreased from 19.55 1.9 to 9.54 1.9 nI/mm during renal failure
but returned to 17.73 2.4 nI/mm two weeks later. Proximal tubular
hydrostatic pressure (PT) and glomerular capillary pressure (PGC),
estimated by stop-flow pressure, were unchanged following induction of
acute renal failure. The net hydrostatic pressure favoring filtration,
(PGC-PT), was significantly greater than the oncotic pressure in the
efferent arteriole, (liE), in all three groups. Since the rabbit glomerular
capillary was in filtration pressure disequilibrium a unique value for the
glomerular ultrafiltration coefficient (Kf) was calculated. Kf was signif-
icantly decreased from 1.28 0.15 to 0.49 0.10 during renal failure,
but returned to 1.62 0.39 nI/mm/mm Hg after recovery. Renal blood
flow, measured with an electromagnetic flow probe, was not different
and averaged 22 2, 24 2, and 32 7 mI/mm in the control, acute
renal failure, and recovery groups, respectively. The results of this
study show that low sodium intake followed by indomethacin and
contrast media lead to reversible acute renal failure in the rabbit. The
renal insufficiency can be prevented by high sodium intake and DOCA
treatment but is not altered by acute saline or mannitol infusions. The
results of these studies also indicate that the rabbit glomerular capillary
is in filtration pressure disequilibrium; and the decrease in GFR
associated with contrast media-induced acute renal failure is a result of
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a significant decrease in single nephron filtration rate precipitated by a
significant, but reversible decrease in the glomerular ultrafiltration
coefficient.
Acute renal failure following contrast media injection has
been reported at an increasing rate. Since the introduction of
hyperosmolar contrast agents (1350 to 1800 mOsm/liter) as tools
for urinary tract examinations and other diagnostic procedures,
incidences of renal failure up to 12% and with a mortality rate of
5 to 10% have been reported [1—3]. Diabetic nephropathy, older
age, and underlying renal insufficiency, as well as hypertension
seem to be important predisposing factors [4, 5]. There is
debate concerning the pathophysiology of contrast media-
induced acute renal failure including, but not limited to, renal
ischemia or tubular damage [6—81.
Several mechanisms that may be involved in the pathogenesis
of this renal failure have been examined in both clinical situa-
tions and experimental animal models [2, 81. While clinical
studies have not indicated renal ischemia in patients, the renal
blood flow response to infusion of contrast agents has been
reported to be biphasic in dogs; a transient vasodilation fol-
lowed by a more prolonged vasoconstriction [9—13]. This vaso-
constriction is unique to the renal vascular bed in that all other
vascular beds respond to contrast agents primarily with vaso-
dilation [14]. The hypertonicity of the contrast agent has also
been implicated as a possible cause of vasoconstriction in light
of data which demonstrated a similar decrease in renal blood
flow with hypertonic solutions such as saline, dextrose and urea
[12, 13, 15, 16]. On the other hand, several investigators
reported a marked decrease in renal blood flow following
contrast agents which appeared to be unrelated to osmolality
[17, 18].
In addition to renal ischemia other possible mechanisms that
have been examined and reviewed include: shunting of blood
flow from the cortex to the renal medulla, involvement of the
renin-angiotensin system, direct tubular and cellular damage
with alterations in transport properties, and alterations in red
blood cell morphology and protein precipitation [2]. However,
due in part to conflicting results the mechanism of this type of
acute renal failure has yet to be determined. A major difficulty
has been the unavailability of a consistent and well-defined
animal model to allow the investigation of the proposed mech-
anisms.
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The objectives of the present study were first, to develop a
reproducible and possibly reversible model of acute renal
failure following contrast media infusion; second, to determine
whether chronic or acute increases in sodium or solute excre-
tion may prevent the induction of renal failure; and finally, to
use micropuncture techniques to investigate the intrarenal site
and mechanisms of this type of acute renal failure.
Methods
Studies were performed on nine groups of New Zealand
albino rabbits weighing between 2 and 4 kg. The rabbit was
chosen for the ease of infusion and collection of blood samples
via the ear vein. All groups were fed a low salt diet (Tekiad
sodium-deficient rabbit chow) for one week prior to the exper-
imental manipulation. Animals were placed in metabolic cages
and 24-hour creatinine clearances were determined 1 day before
and 1 day, 2 days, 3 days and 14 days after the experimental
protocol. Blood for plasma electrolytes and creatinine concen-
trations was obtained by a prick of the left marginal ear vein
with a 21 gauge needle. Blood for the electrolytes and creatinine
was collected in ammonium heparin while blood for plasma
renin activity was collected in chilled test tubes containing
sodium EDTA. All solutions were infused through a 21 gauge
butterfly needle inserted in the opposite marginal vein.
Development of acute renal failure
Three groups of animals were studied. All animals were
placed on the low sodium diet and given distilled water to drink
for the week before and three days following the experimental
manipulations.
Group B (N = 12) received both indomethacin and contrast
media. Indomethacin (6 mg/kg) was dissolved in sodium car-
bonate, buffered to pH 8.5, and infused into the marginal ear
vein. Two hours later another indomethacin injection was given
followed immediately by an infusion of 7 mI/kg of meglamine
iothalamate (Conray 60", low sodium) over a five minute
period. Four hours later another 6 mg/kg of indomethacin was
given subcutaneously in sesame oil.
Group C (N = 10) received contrast media only. The animals
were treated identically to Group B except that only sodium
carbonate was given as the indomethacin vehicle.
Group I (N = 9) received indomethacin only.
Prevention of acute rena/failure
Three additional groups of animals were studied. Group D
(N = 6) was treated the same as Group B above with two
exceptions. They were given sodium deficient chow for one
week but were also given isotonic saline to drink and injected
subcutaneously with 1 mg/kg of desoxycorticosterone acetate
(DOCA) in sesame oil daily. At the end of one week the same
doses of indomethacin and contrast as given above were
injected.
Since both sodium and solute excretion were increased in the
saline drinking group, and some reports have indicated that
acute increases in saline or solute excretion may prevent renal
insufficiency following contrast media injection [19—211, the
effect of acute increases in sodium and solute excretion was
studied in this model.
Group S (N = 7) were treated exactly like Group B except
that they were intravenously infused, via the opposite ear vein,
with sterile isotonic saline at a rate of 20 mI/hr kg beginning
one hour prior to and continuing one hour after injection of
contrast media. Total volume infused was equal to 4% of the
animal's body weight over a two hour period.
Group M (N = 7) was treated the same as Group S except
that the solution infused was sterile isotonic mannitol, again
beginning one hour before and continuing one hour after
contrast injection.
All 14 animals in the two groups voided spontaneously at
least twice, except one. Since all studies were performed over
metabolic pans an estimation was made of glomerular filtration
rate using creatinine clearance techniques. It was also possible
to determine both sodium and solute excretion during the time
of contrast media infusion.
Light microscopy
Four additional animals were studied for light microscopy.
Two animals in Group B, one in Group C and one in Group I
were given an overdose of sodium pentobarbital in an ear vein
on the second day after the experimental manipulations, and the
kidneys immediately removed, sliced with a scalpel, fixed in
10% formulin solution and stained. Although measurements
were made on these animals up to the time of sacrifice, they are
not included in the group means.
Sing/c nephron mechanisms
Studies were performed on three groups of rabbits identically
prepared for micropuncture. One group served as control
(CON) and consisted of 10 hydropenic animals. Seven other
rabbits (ARF) were placed on a low salt diet for one week and
then were given 18 mg/kg indomethacin and 7 mI/kg contrast-
media radiographic dye. Twenty-four hour creatinine clear-
ances were used as an index of acute renal failure. A third group
of five animals (REC) followed an identical protocol as ARF but
were allowed to recover for two weeks before micropuncture.
At this time another 24-hour creatinine clearance was obtained
and the rabbits were prepared for micropuncture.
Arterial pressure and renal blood flow to the micropunctured
kidney were measured in all groups during micropuncture. A
very low urine output and prolonged urinary transit time in the
renal failure group prevented an accurate measurement and
comparison of whole-kidney glomerular filtration rate between
the three groups.
Micropuncture measurements in the three groups included all
variables involved in glomerular ultrafiltration: single nephron
filtration rate, proximal tubule hydrostatic pressure, stop-flow
pressure from which glomerular capillary pressure was calcu-
lated, and afferent and efferent arteriolar protein concentration
from which oncotic pressures were calculated using the Landis-
Pappenheimer equation relating protein concentrations and
colloid osmotic pressure [221. From these micropuncture data
the glomerular ultrafiltration coefficient (KI) was calculated.
Micropuncture preparation and experimental protocol
The rabbits were removed from food 24 hours prior to
micropuncture but were allowed ad libitum tap water. They
were anesthetized with phenobarbital sodium (150 mg/kg, i.v.).
A polyethylene catheter (PE 90) was inserted into a femoral
artery for measurement of systemic arterial pressure via a
pressure transducer (Statham P23 Db, Statham Instruments,
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Fig. 1. Glomerular filtration rate plotted as % qf control (C) on day 1,
2, 3 and 14 following injection of contrast and indomeihacin (N = 12)
or contrast (N = 10) or indomethacin (N = 9). * Significant difference
vs. C.
Oxnard, California, USA) and for collection of arterial blood
samples. A jugular vein was also catheterized for an infusion of
5% inulin at 10 mI/hr. The trachea was cannulated to facilitate
respiration but positive pressure ventilation was never re-
quired. Body temperature was monitored rectally and main-
tained at approximately 37°C. The left kidney was isolated
through a subcostal incision and gently separated from both the
adrenal gland and any perirenal fat. An electromagnetic flow
probe was placed around the left renal artery for measurement
of renal blood flow. The kidney was then placed in a lucite
holder and covered with a layer of warm mineral oil to prevent
dessication. The kidney surface was illuminated with a fiber
optic light source. The renal capsule was left intact whenever
possible.
Following surgery and an equilibrium period of at least 30
minutes, a blood sample was taken and the first of two collec-
tion periods (30 to 45 mm) was begun. During the first period,
samples were collected from efferent arterioles using specially
prepared, silicon pretreated, glass micropipettes with a tip
diameter of 15 itt, and randomly-selected proximal tubules using
standard 10 i tip diameter pipettes.
At the conclusion of the first period, a second blood sample
was taken and the kidney surface was then bathed with 0.9%
normal saline. The second collection period was begun and a
servo-null pressure measuring device with 3 to 5 tip diameter
micropipettes was used to make repeated measurements of
proximal tubule hydrostatic pressure and stop-flow pressure,
which were recorded on a Grass polygraph. At the end of the
second period, a final blood sample was taken. The sample
collections and pressure measurements were alternated be-
tween the two collection periods in order to obviate any affect
of time upon the measured variables. Proximal tubule hydro-
static pressure were assumed to be identical to Bowman's space
hydrostatic pressure [23].
Analytical methods
Sodium and potassium in plasma and urine were measured by
flame photometry and osmolality by freezing point depression.
Creatinine in plasma and urine was measured colorimetrically
Group
PRA ng Al/mI hr
Low sodium 5.0 1.0 4.8 1.3 4.1 0.9
I day 5.8 1.3
2 days 4.1 0.8
9.0 16ab
9.2 20a.b
3.9 1.6
3.1 1.2
3 days 4.4 1.1 7.5 1.4 2.9 1.0
Sodium excretion p.Eq/min
Low sodium 1.36 0.39 1.44 0.61 1.78 0.63
I day 2.82 0.54 4.51 0.80 0.98 0.34
2 days 0.67 0.18 0.59 0.18 0.92 0.52
3 days 0.67 0.21 0.49 0.20 1.11 0.39
Solute excretion iOsm/min
Low sodium 61.4 10.1 53.4 10.9 34.9 9.6
I day 42.2 5.6 61.0 8.9 36.0 8.4
2 days 26.6 8.1 40.1 7.2 35.4 6.5
3 days 38.6± 9.0 48.2 7.2 53.4 10.4
by a modification of the method of Heinegard and Tiderstrom
[24]. Plasma renin activity (PRA) was measured by radioimmu-
noassay following the method of Haber et al [25].
Inulin concentrations in plasma and urines were determined
in duplicate by the anthrone method of Fuhr, Kaczmarcxyk and
Kruttgen [26]. Protein concentration in systemic and efferent
arteriolar blood was measured in triplicate by the Lowry
method applied to nanoliter volumes of plasma [27]. The
volume of tubule fluid samples was measured with a two grid
Gaertner micrometer using a capillary tube with a known
internal diameter. Inulin concentration in tubule fluid samples
was determined in triplicate by the method of Vurek and
Pegram [28]. The individual micropuncture data for each animal
were averaged to determine a single value for each animal. The
data were analyzed using a computer-based mathematical model
which takes the nonlinearity of the oncotic pressure rise into
account when determining net ultrafiltration pressure [29].
The clearance data were treated with either a paired Stu-
dent's t-test or a one factor analysis of variance with repeated
measures. The micropuncture data from the three groups were
treated with a one factor analysis of variance between three
groups. The Newman-Keuls multiple range test was used to
determine significant differences between groups at the 0.05
probability level.
Results
The effects of the three experimental protocols in groups B, C
and I are shown in Figure 1 and Table 1. As measured by
creatinine clearance, GFR was significantly decreased 24, 48
and 72 hours later in the group which received both indometh-
acm and contrast medium (P < 0.001), and two animals in the
group were anuric for 24 hours or more. There were no
significant differences in GFR between groups on the control
day (Group B = 9.0 1.0 ml/m; Group I = 6.7 1.0; Group C
= 9.0 1.0) or two weeks after treatment, nor was there any
difference in groups C and I on any day studied. By 14 days
after induction of renal failure in group B, the GFR had returned
Table 1. Plasma renin activity (PRA), sodium excretion and solute
excretion as a function of time following injections in sodium
deficient animals
Both
N = 12
Contrast Indomethacin
N= 10 N=9
Values are mean SEM. N = no. of animals
a Significant vs. control dayb Significant vs. other two groups
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to normal. In all groups the GFR 14 days after the experimental
protocols was equal to or greater than the respective GFR on
the control day. Concomitant with the fall in creatinine clear-
ance in Group B, plasma creatinine concentration increased
significantly from 1.13 0.11 mg/dl on the control day to 3.23
0.57 at 24 hours, and 4.07 1.07 at 48 hours and 2.84 0.43
at 72 hours. Plasma creatinine returned to control values (0.85
0.05 mg/dl) two weeks after injections. Plasma creatinine
concentrations did not differ at any time between the other two
groups.
There were no differences in plasma renin activity on the
control day between the groups. However, plasma renin activ-
ity was increased in Group C (P < 0.05) which was given
contrast media only, compared to the control day and compared
to the other two groups at 24 and 48 hours after injection.
Sodium excretion was also increased in the first 24 hours
following injection in the group receiving contrast only. Sodium
excretion was significantly increased in the group receiving
contrast media alone. Although absolute sodium excretion was
not significantly increased in the group receiving both indo-
methacin and contrast media, fractional sodium excretion was
significantly (P < 0.05) increased 24 hours after injection from
0.14 0.05 to 1.30 0.46%.
The effect of chronic saline drinking and desoxycorticoste-
rone treatment is shown in Table 2. In contrast to the animals
maintained on a low sodium diet (Fig. I), GFR did not change
following the injections of indomethacin and contrast. Plasma
renin activity was significantly decreased when compared to the
low sodium groups (P < 0.01) and sodium and osmolar excre-
tion were increased following DOCA treatment.
The effect of acute infusion of saline or mannitol before and
after the injection of indomethacin and contrast is shown in
Figure 2 and Table 3. All fourteen animals, except one in the
mannitol infused group, urinated at least twice so that it was
possible to determine GFR and urinary excretions during the
infusion. In the case of multiple urinations, the last timed urine
volume was used for the determinations. Glomerular filtration
rate during the infusion was not significantly different between
the groups or different from control values within the groups.
However, in spite of the fact that glomerular filtration and urine
output were evident during the infusion, seven of the animals
were anuric in the following 24 hours: four in the mannitol
infused group and three in the saline infused group. GFR was
significantly decreased (P < 0.01) for all three days following
the mannitol infusion and for the first two days following the
25
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Fig. 2. GFR in animals given either saline (N 7) or mannitol (N = 7)
infusion simultaneously with the injection of indomethacin and contra St
media. GFR is shown before (C) and I week after low sodium intake
(L). GFR is also shown during infusion (I) and 1, 2, 3 and 14 days after
infusion. * Significant difference vs. L.
Table 3. Effect of low sodium diet and acute infusions of saline or
mannitol on sodium and solute excretion
Sodium excretion
p.Eq/min
Solute excretion
p.Osm/min
Group S (N = 7)
Control 8.51 1.14 110.2 11.3
Low Na 0.16 0.08 36.0 9.4
Saline infusion 26.33 5.49 157.8 15.8
I day 0.70 3.8 12.7 7.8
2 days 0.61 0.18 27.6 10.0
3 days 0.79 0.21 27.2 9.6
Group M (N = 7)
Control 9.61 0.55 124.8 11.4
Low Na .124 0.04 57.1 4.9
Mannitol infusion 16.84 4.00 259.1 37.4
1 day 0.05 0.04 11.5 6.4
2 days 0.07 0.04 15.3 6.5
3 days 1.43 1.38 21.5 7.8
Values are mean SEM. N = number of animals
saline infusion. Although GFR was not statistically significantly
depressed at 72 hours after saline infusion, one of the animals
was still anuric and one animal had a calculated GFR of only
0.07 mI/mm. The animals lost an average of 0.424 0.115
mEg/day of sodium over the seven day, sodium deprivation
period, However, the amount of sodium infused in all cases was
over 15 mEq so that continued negative sodium balance was
avoided. As previously seen in the low-salt noninfused groups,
GFR had returned to control values by two weeks after the
infusion. PRA was significantly increased by the low sodium
diet (P < 0.05) and also significantly decreased by both infu-
sions (P < 0.05). Plasma renin activity was decreased from 14.8
3.9 ng Al/mI' hr' to 2.4 0.5 by saline infusion and from 8.5
1.1 to 2.3 0.6 by mannitol infusion.
Both sodium and solute excretion were lower on the low
sodium diet compared to the normal diet (P < 0.01) and both
were significantly increased by infusion (P < 0.01). Neither
sodium nor solute excretion were different during the saline
infusion when compared to the saline drinking animals treated
with DOCA. Similarly, during mannitol infusion solute excre-
Table 2. Plasma renin activity (PRA), sodium excretion, solute
excretion and creatinine clearance in animals treated with DOCA and
saline drinking water
PRA Sodium Solute Creatinine
ng All excretion excretion clearance
Time ml' hr ,uEqlmin uOsmlmin mi/mm
DOCA treatment
0.4 0.1 35.7 7.7 137.7 26.4 7.3 0.9
Injection of contrast and indomethacin
I day 0.1 0.1 51.5 7.8 172.6 15.9 7.1 1.2
2 days 0.2 0.1 84.5 12.0 227.2 26.4 6.1 2.0
3 days 0.1 0.1 58.4 19.5 182.2 42.1 6.6 1.4
Values are mean SEM. N = 6 animals.
Mannitol
infusion
IJ
C L I 1 2 3 14C L I 1 2 3 14
Time, days
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Failure Recovery
3.0 0.3 1.3 0.2
2.0 0.5" 8.2 1.7
138±3 139±2
4.7 0.3 4.0 0.1
43±1 43±2
6.5 0.4 6.2 0.18
3.2 0.18 3.4 0.2
tion was not different than solute excretion in the group of
saline drinking animals treated with DOCA.
Whole animal data for the rabbits that were micropunctured
during acute renal failure are presented in Table 4. Induction of
acute renal failure significantly elevated CR from 1.2 0.13 to
3.0 0.3 mg% and decreased CCR from 8.9 1.6 to 1.20 0.3
mI/mm. Body weight, hematocrit and plasma electrolytes were
within normal ranges for the rabbit and were not significantly
altered during acute renal failure. Plasma protein concentration
was significantly elevated in this group from a control value of
6.1 0.14 to 7.0 0.28 g% during acute renal failure. Plasma
volume contraction, produced by the low salt diet, could have
possibly accounted for this increase; however, there was no
increase in hematocrit and plasma protein concentration did not
increase in the recovery group subjected to the same low salt
diet (Table 5). In addition, in a separate group of seven animals
used for another study the plasma volume, as measured by
Evan's Blue technique, was not changed by the low sodium diet
after one week (5.8 0.8 vs. 5.5 0.5 ml/100 g).
Whole animal data for the recovery group is presented in
Table 5. These animals were micropunctured 14 days following
the induction of acute renal failure. Again the control CR and
CCR are within normal limits for the rabbit and renal failure
produced similar responses as in the renal failure group. Plasma
creatinine concentration rose from 1.3 0.25 to 3.0 0.3 mg%
during renal failure, and decreased in two weeks to 1.30 0.2
mg%. Creatinine clearance decreased during renal failure from
8.6 1.6 to 2.0 0.5 and recovered to 8.2 1.7 mI/mm. The
creatinine clearance during renal failure was significantly dif-
ferent from both control and recovery which were not signifi-
ii riI
ARF REC CON ARF REC
2.5
2.0
0)I1.5 E
E
1.0
E
C
.5
Fig. 3. Ultrafiltration variables ,neasured in control (N 10), contrast
media acute renal failure (N = 7) and mecoverv rabbits (N 5).
SNGFR, single nephron filtration rate; Kf, glomerular ultrafiltration
coefficient. * Significant difference between ARF vs. CON and REC,
which were no different from each other.
cantly different from each other. Plasma electrolytes, hemato-
crit, plasma protein concentration and body weight were no
different among the three groups.
Systemic arterial pressure and renal blood flow measured
during the micropuncture experiments in the control group
were 79 2 mm Hg and 22 2 mI/mm, compared to 78 6 mm
Hg and 24 2 mI/mm in the renal failure group, and 85 7 mm
Hg and 32 7 mI/mm in the recovery group. These values were
not significantly different and agree with previously reported
values for the rabbit [301.
Micropuncture data from the three groups are presented in
Table 6 and Figure 3. The net hydrostatic pressure favoring
filtration (P) was significantly greater than the efferent oncotic
Table 4. Acute renal failure group (N = 7)
Control Renal failure
PCR mg % 1.2± 0.1 3.0± 0.3"
CCR mI/mm 8.9 1.6 1.2 0.3"
PNa mEq/liter 136 2 128 6
PK* mEq/liter 4.0 0.3 3.8 0.4
Hct% 42±4 42±1
P.- g% 6.1 0.14 7.0 0.28"
Body wt kg 2.7 0.14 2.9 0.09
Table S. Recovery group (N = 5)
Control
PCR mng%
CCR mi/mm
PN" mEq/liter
K" mEqiliter
Hct %
Pr- g%
Body wt kg
1.3 0.2
8.6 1.6
137 3
5.4 0.4
43 2
6.2 0.14
3.1 0.3
Values are means SEM. " Significant difference at the P s 0.05 Values are means SEM. a Significant differences P 0.05 level
level. N = number of animals per group. ARF vs. CON and REC, which were no different from each other. N =
Number of animals per group.
Table 6. Micropuncture
SNGFR
n//win
CA CE
g%
PT SFP irA irE PGc PUF
SNFF
Kf
ni/mm
Q0 mm Hgmm Hg
Control 19.55 5.6 7.7 14.0 35.2 15.9 26.8 51.5 16.9 0.27 74.8 1.29
N=l0 ±1.8 ±0.31 ±0.4 ±1.0 ±1.3 ±1.3 ±2.3 ±2.3 ±1.03 ±0.02 ±8.9 ±0.15
n = (36) (23) (21) (52) (25)
Acuterenal 9.54" 5.7 6.4 13.8 35.7 16.0 19.5" 51.7 20.4 0.11" 154.7 0.49
Failure ± 1.9 ± 0.21 ± 0.31 ± 0.7 ± 1.7 ± 1 ± 1.6 ± 1.1 ± 1.6 ± 0.03 ± 58.0 ± 0.10
N= 7
n = (18) (14) (12) (48) (21)
Recovery 17.73 5.9 7.9 13.0 30.4 7.1 27.6 47.5 13.3 0.25 79.5 1.62N=5 ±2.4 ±0.29 ±0.3 ±0.4 ±1.8 ±1.3 ±1.6 ±1.4 ±2.0 ±0.04 ±18.0 ±0.40
n = (25) (10) (11) (34) (17)
Values are means ± SEM. N = number of animals per group; n = number of samples per group.
Significant differences at the P < 0.05 level between ARF vs. CON and REC, which were not different from each other.
SNGFR KF
C
E
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pressure opposing filtration (irE) in all three groups. The ratio of
the net hydrostatic pressure difference and the oncotic pressure
at the efferent end of the glomerular capillary, (1P/irE), was
1.431 0.07, 2.064 0.13, and 1.275 0.12 in the control,
acute renal failure and recovery rabbits, respectively. All three
values are significantly greater than unity, indicating that gb-
merular ultrafiltration in the hydropenic rabbit is characterized
by filtration pressure disequilibrium. Furthermore the pressures
remain in disequilibrium throughout the induction and recovery
from acute renal failure in this model. Proximal tubular hydro-
static pressure, 14 1 mm Hg, stop-flow pressure, 35.2 1.3
mm Hg, and glomerular capillary pressure, 51.5 2.3 mm Hg,
were unaffected by the induction of acute renal failure.
There was no detectable difference in systemic protein con-
centrations and oncotic pressure between the three groups.
However, efferent arteriolar protein concentration decreased
from a control value of 7.7 0.4 to 6.4 0.3 g% during renal
failure and recovered to 7.9 0.30 g%. Single nephron filtration
fraction, calculated from the protein concentrations was simi-
lar: 0.27 0.02 to 0.11 0.03 during renal failure to 0.25 0.04
after recovery. Efferent arteriolar oncotic pressure was also
decreased from 26.8 2.3 to 19.5 1.6 mm Hg during renal
failure and recovered to 27.6 1.6 mm Hg.
The average glomerular ultrafiltration pressure increased
during renal failure from 16.9 1.03 to 20.4 1.5 mm Hg and
returned to 13.3 2.0 mm Hg. Single nephron filtration rate
was significantly decreased during acute renal failure from 19.55
1.8 to 9.54 1.9 and recovered to 17.73 2.4 nI/mm two
weeks later. The glomerular ultrafiltration coefficient was sig-
nificantly decreased during renal failure from 1.29 0.15 to 0.49
0.10 and recovered to 1.62 0.40 nI/mm mm Hg.
To further characterize the rabbit glomerulus, peritubular
capillary pressures were measured in the control group and
averaged 10.7 1.2 mm Hg. Single nephron afferent resistance
averaged 0.234 0.078 mm Hg/nI mm; efferent resistance
averaged 0.428 0.051 and total resistance was 0.663 0.084.
Afferent resistance was 34.8 0.02% and efferent resistance
was 65.2 0.02% of the total. Because of the low filtration
fractions during renal failure and the uncertainty involved in
determining reliable values for Qo at low filtration fractions a
similar analysis was impossible in the renal failure group.
Discussion
The results of the present study show that: (I) a combination
of low sodium diet with subsequent activation of the renin-
angiotensin system, blockade of prostaglandin synthesis and
contrast media infusion lead to a reproducible and reversible
model of acute renal failure in the rabbit; (2) a chronic high-
sodium intake and DOCA treatment prevents the development
of renal failure, whereas acute infusions of either saline or
mannitol does not; (3) the reduction in glomerular filtration rate
is associated with a reduction in single nephron filtration rate
precipitated by a reduction in the glomerular ultrafiltration
coefficient; and (4) the recovery of renal function observed in
this model is associated with a return to normal values of both
single nephron filtration rate and the ultrafiltration coefficient.
The model appears to involve a complex interaction between
the effects of sodium restriction, prostaglandin synthesis inhi-
bition, and contrast components that must be present to pro-
duce the renal failure. A role for the renin-angiotensin system
has been implicated in some types of experimental acute renal
failure, but not in others. Flamenbaum, Kotchen and Oken
showed that acute lowering of plasma renin activity was inef-
fective in preventing azotemia following glycerol injection.
However, long term treatment with saline drinking water and
DOCA reduced intrarenal renin content as well as plasma renin
activity, and protected the animals from renal failure following
glycerol [31]. Similarly, DiBona and co-workers showed that
chronic saline loading gave a significant degree of protection
against acute renal failure following mercuric chloride injection
even though histologic damage was present [32]. In contrast, we
have previously shown that chronic salt treatment with saline
and DOCA does not prevent the decrement in renal function
found following release of unilateral ureteral obstruction in the
rat or intrarenal infusion of norepinephrine in the dog [33, 341.
Although the role of the renin-angiotensin system in the patho-
genesis of this model of acute renal failure was not directly
addressed in this study, chronic high-sodium intake and DOCA
treatment which reduced plasma renin activity by at least 90%
also prevented the development of renal failure. However,
acute infusions of either saline or mannitol, which also signifi-
cantly attenuated plasma renin activity, failed to prevent the
development of acute renal failure following contrast media
injection. While chronic salt loading and mineralocorticoid
treatment lowers both intrarenal renin and plasma renin activ-
ity, it also increases urinary sodium and solute excretion and
probably plasma volume; it may be this chronic effect rather
than renin suppression that may be important in the prevention
of renal failure associated with this treatment. Obviously, these
data suggest the need for further studies specifically examining
the role of the renin-angiotensin system in the pathogenesis of
acute renal failure in this model.
A role of prostaglandin synthesis has been proposed in some
models of acute renal failure. Torres and associates have shown
that indomethacin treatment increases the severity of renal
failure found following glycerol injection [35]. An effect of
indomethacin on renal function per se was discounted since
renal function after mercuric chloride induced renal failure was
not aggravated in the indomethacin treated animals. Workman
et al have suggested that suppression of prostaglandin synthesis
rather than increased renin-angiotensin system activity is in-
volved in the decreased glomerular filtration rate found after
contrast media injection [36]. The data from the current study
suggest that both sodium restriction, perhaps via activation of
the renin-angiotensin system, and prostaglandin synthesis inhi-
bition are important in the consistent development of renal
failure following contrast media injection. GFR was not signif-
icantly changed in the groups of sodium restricted rabbits in
which only contrast media or indomethacin was given. Addi-
tionally, in a pilot study before the original study was per-
formed, four animals were taken from housing quarters without
being placed on the low sodium diet and subjected to the same
indomethacin treatment and contrast media injection. GFR was
unchanged or increased in two animals and decreased by less
than 30% in the other two. It would seem appropriate to suggest
that prostaglandin synthesis inhibition is not a necessary pre-
requisite to consistently show diminished renal function with
contrast media injection unless it is associated with sodium
restriction.
In agreement with several other studies in which chronic
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saline loading and DOCA treatment prevented the decrement in
renal function seen following various manipulations [31, 32],
contrast media injection in the chronically sodium replete
groups did not result in any decrease in GFR or other renal
functions, Since there are many changes in renal function that
accompany ingestion of high sodium intake, including increased
sodium and solute excretion as well as decreased plasma renin
activity, other variables besides plasma renin activity and
intrarenal renin must be considered. Theil et al have shown that
diuretics which increase urinary solute excretion offer some
protection against the decrease in renal function which usually
occurs following mercuric chloride injection [37]. Similarly
Bidani and Churchill have shown that even as little as six hours
of high salt intake by animals previously on a low salt intake
increased sodium excretion, and offered significani protection
against glycerol-induced acute renal failure [21]. It has been
previously shown that sodium loading and DOCA treatment
failed to protect against renal failure induced by intrarenal
infusion of norepinephrine [34]. It was speculated that there
was a decrease in the glomerular capillary ultrafiltration coeffi-
cient (Kf) which was secondary to a direct vasoconstriction by
the norepinephrine infusion. In our studies, the animals on
saline drinking water and DOCA also had a high sodium and
solute excretion which prevented the development of renal
failure. However, the results of the acute infusions of saline or
mannitol and the subsequent development of renal failure argue
against a role for acute increases in either solute or saline
excretion as being important in the prevention of renal failure.
Urinary sodium and solute excretions were not different be-
tween the DOCA animals drinking saline and the animals
infused with saline acutely. Nor was solute excretion different
between the chronic saline drinking and mannitol infused
group.
Katzbert et al and Workman et al observed a rapid biphasic
response of blood flow and glomerular filtration rate following
intra-aortic injection of contrast media [12, 36]. An initial
increase followed by a sustained decrease was observed in
both. Other investigators have demonstrated this biphasic re-
sponse in renal blood flow [2, 11], and Larson and colleagues
further showed that the magnitude of the decreased blood flow
was greater and the duration of the decrease longer in sodium
deplete compared to sodium replete dogs. It was also shown
that the duration of vasoconstriction could be considerably
shortened by continuous infusion of SarLAla8AII while the
magnitude of the vasoconstriction was unchanged. The data
from the current study does not support a reduction in renal
blood flow as the primary cause of the renal failure, since there
was no significant differences in renal blood flow between the
three groups during the micropuncture experiments in which
GFR was reduced by 50% in the renal failure group. However,
a biphasic change in renal blood flow prior to the time of
micropuncture could be the initiating event that leads to the
decreased GFR. While intrarenal changes in blood flow as a
partial cause of the diminished renal function found in this
model cannot be dismissed, there appears to be no obstruction
or tubular damage involved as judged by light microscopy and
no visible casts or tubular damage could be observed.
In a recent study, Bakris and Burnett have shown that
calcium antagonists and EDTA infused in the renal artery
diminish the magnitude of both the decreased renal blood flow
and the decreased GFR following intrarenal infusion of contrast
media [38]. Following contrast infusion blood flow returned to
normal but GFR remained decreased. These results are very
consistent with the results of the current study which show a
normal renal blood flow and a decreased filtration rate.
The micropuncture portions of this study investigated the
glomerular ultrafiltration dynamics in vivo under the three
conditions of hydropenia, acute renal failure, and recovery
from acute renal failure. Since direct measurements of glomer-
ular capillary pressure were made in Munich Wistar rats,
considerable evidence has been compiled supporting the con-
cept of filtration pressure equilibrium in this particular strain
[39—41]. However, filtration disequilibrium has also been re-
ported in several animal species including the dog [42—46], the
Wistar rat [47], and the Sprague Dawley rat [23]. In addition, it
has also been suggested that humans appear to be in filtration
disequilibrium [48]. The current status of this controversial
issue has recently been reviewed [49]. The major criticism of
filtration disequilibrium is that glomerular capillary pressure is
indirectly measured by the stop-flow pressure technique. Since
most mammalian kidneys, including those in the rabbit, do not
possess glomeruli on the cortical surface, and are therefore not
accessible to micropuncture, stop-flow pressures are the only
available means of measuring glomerular capillary pressure in
these animals. While it is possible that the stop-flow technique
does artifactually alter glomerular dynamics by interrupting
tubular flow, several investigators have reported no significant
differences comparing this technique to direct measurements of
glomerular capillary pressure [43, 44].
The results of the present experiments indicate that, based
upon a control P/rE ratio of 1.431 0.07, which was
significantly greater than unity, the rabbit ultrafiltration profile
is best described by filtration pressure disequilibrium. Further-
more, the rabbits remained in filtration disequilibrium with
induction of and recovery from contrast media-induced acute
renal failure. The disequilibrium nature of the rabbit glomerular
capillary permitted a calculation of a unique Kf in the rabbit
nephron. The control value of 1.29 0.15 nI/mm/mm Hg in this
study is lower than the values reported in the in vitro isolated
rabbit glomeruli [50]. However, the Kf values reported were
quite variable in both immature and mature rabbits and the data
reported for the dog were larger than previously reported
micropuncture values by a factor of approximately threefold
[43, 46, 501. Obvious differences between in vivo and in vitro
techniques should be considered when comparing these values.
Renal blood flow in this study was not decreased at the time
of micropuncture which was 24 hours following contrast media
infusion. Further substantiating a lack of preglomerular vaso-
constriction in this study was the constancy of glomerular
capillary pressure: 51.1 2.3 and 51.7 1.1 mm Hg during
control and renal failure, respectively. These two observations
do not support renal ischemia and preglomerular vasoconstric-
tion as a possible mechanism for renal failure in this model.
Other suggested mechanisms for acute renal failure have
been tubular or ureteral blockage with tubular casts or tubular
leakage [21. Proximal tubular hydrostatic pressures during acute
renal failure were no different from control and therefore do not
support tubular or ureteral blockage. No physical evidence of
tubular casts or blockage could be found from the histological
examination with light microscopy. A leaky tubule mechanism
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is also not supported since a decrease in proximal tubule
hydrostatic pressure due to venting of the tubule was not seen
in this model.
Single nephron filtration rate was significantly decreased
following contrast media infusion, and it should be concluded
that this decrease is responsible for the marked decrease in
whole kidney creatinine clearance observed in this model.
While glomerular capillary pressure, proximal tubule hydro-
static pressure, and afferent arteriolar oncotic pressure were
not affected by contrast media infusion, efferent arteriolar
oncotic pressure was significantly reduced as a result of the
marked decrease in single nephron filtration rate. Since there
was no change in the net hydrostatic pressure difference favor-
ing filtration, P, and a marked reduction in efferent ocotic
pressure occurred, the net ultrafiltration pressure therefore
increased during acute renal failure. This observation coupled
with the observation that single nephron filtration rate as well as
Kf were both significantly reduced during renal failure strongly
suggests that the mechanism of contrast-media acute renal
failure is a significant decrease in Kf. While altered proximal
tubule membrane transport following contrast media infusion
has been reported [2], our studies suggest that altered glomer-
ular membrane properties are associated with contrast agent
infusions. In this regard similar decreases in Kf has also been
reported to occur during other types of acute renal failure
[51—54].
All of the ultrafiltration variables that decreased during renal
failure returned to control values two weeks post-infusion, and
there were no other significant differences among the groups in
renal blood flow, proximal tubule hydrostatic pressure, glomer-
ular capillary pressure, and afferent or efferent oncotic pres-
sures. It is therefore concluded that the recovery from contrast-
media acute renal failure appears to be a direct result of a return
of the glomerular ultrafiltration coefficient and single nephron
filtration rate to normal levels.
In summary, the results of the present study show that the
combination of sodium restriction, indomethacin and contrast
media lead to acute renal failure. Neither contrast media
infusion alone nor indomethacin treatment alone results in renal
insufficiency in the sodium deficient animal. A high sodium
intake for one week protected against the development of renal
failure, whereas acute increases in sodium or solute excretion
did not alter the severity or time course of acute renal failure in
this model. No light microscopy abnormalities were found in
tubular structural integrity and no obstructive casts were visi-
ble. The results further suggest that sodium/volume depletion
and prostaglandin synthesis inhibitors should be avoided prior
to diagnostic use of contrast media.
The decrease in glomerular filtration rate found in this model
of contrast media-induced acute renal failure appears to be a
result of a marked reduction in single nephron filtration rate,
precipitated by a significant decrease in the glomerular ultrafil-
tration coefficient. The recovery from acute renal failure in this
model appears to result from a return of the glomerular ultra-
filtration coefficient to normal levels, producing a return to a
normal, single nephron filtration rate.
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Appendix. Abbreviations and calculations
Pr.. = plasma creatinine concentration (mg%)
C<.r = 24 hour creatinine clearance (mi/mm)
PNa*, PK plasma sodium and potassium concentrations
(mEq/liter)
Hct = systemic hematocrit (%)
= plasma protein concentration (g%)
V,1- tubular flow rate (ni/mm)
TFIN tubular inulin concentration (mg%)jN = plasma inulin concentration (mg%)
CA, CE = afferent and efferent arteriolar protein concentra-
tions (g%)
SFP = stop-flow pressure (mm Hg)
Pc = peritubule capillary pressure
PT = proximal tubule hydrostatic pressure (mm Hg)
Gc = glomerular capillary pressure (mm Hg)
Kf = glomerular ultrafiltration coefficient (nI/mm mm
Hg)
Single nephron filtration rate, SNGFR (ni/mm) Vtc
(TF/P)IN
Single nephron filtration fraction, SNFF = I — CA/CE
Single nephron plasma flow, Q (nl/min) = SNGFR/SNFF
Single nephron blood flow, SNBF (ni/mm) = Q0/(l-Hct)
Efferent blood flow, EBF (ni/mm) = SNBF — SNGFR
Oncotic pressure:
Afferent arteriole, irA (mm Hg) = 1.4 CA + 0.22CA2 +
O.005CA3
Efferent arteriole, irE (mm Hg) = 1.4 CE + O.22CE2 +
0.005CE3
Glomerular capillary pressure, PGC (mm Hg) = SFP + irA
Net hydrostatic pressure differences, P = GC — PT
Afferent resistance, RA (mm Hg/nI/mm) = (AP-P0)/SNBF
Efferent resistance, RE (mm Hg/nI/mm) = (PGC — PC)/EBF
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